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Abstract
Tuning electronic properties through strain engineering of metal oxides is an important step to-
ward understanding electrochemical and catalytic reactions in energy storage and conversion devices.
Traditionally, strain engineering studies focused on movement of oxygen ions at high temperatures
(500 degree Celcius and above), complicating electrical properties by introducing mixed electronic
and ionic conductivity. In this study, we demonstrate room temperature charge redistribution in a
CeO2 thin film as a result of phase transformation in a localized region by mechanical deformation.
Mechanical indentation of the CeO2 thin film at room temperature results in irreversible deformation.
Conductive-tip atomic force microscopy (C-AFM) analysis shows increased current passing through
the locally deformed area of the CeO2 thin film. Electron energy loss spectroscopy (EELS) analysis
equipped with transmission electron microscopy (TEM) suggests that the increase in current contrast
in the deformed region arises from an increased concentration of Ce3+ ions. We herein discuss the fun-
damental reason behind the increased amount of Ce3+ ions in the deformed area, based on the atomic
scale computational works performed by molecular dynamics (MD) simulations and first-principles
density functional theory (DFT) calculations. Plastic deformation induces a phase transformation of
cubic fluorite CeO2 into a newly formed T-CeO2 structure. This phase transformation occurs mainly
by oxygen ions moving closer to cerium ions to release mechanical energy absorbed in the CeO2 thin
film, followed by charge redistribution from the initial CeO2 to the newly created T-CeO2 structure.
keywords: CeO2 thin film; mechanical deformation; phase transformation; oxidation state; electronic
characteristics; charge redistribution
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1 Introduction
The fact that electronic characteristics of space charge layers differ from bulk phases [1,2] is considered
the key factor in tuning various properties of photocatalysts [3], gas sensors [4-6], batteries [7-9], and
solid-state fuel cells (or ion conductors) [10,11]. For example, gas sensors generally sense current change,
the magnitude of which varies depending on the extent of band bending caused by formation of the space
charge layer [12,13] during electrochemical equilibration between the adsorbate and the sensing surface.
Depending on the surface chemistry and material in photocatalytic water splitting, different space charge
layers form in an aqueous solution, resulting in different aspects of band bending at the surface/water
interface [14,15]. Different band bending also varies the band edge positions relative to water redox
potentials at the interface, which leads to a variety of light absorption and photocatalytic behaviors
[16,17]. The aspect of the space charge layer (or band bending) critically determines charge separation in
the photocatalyst, directly affecting the photocatalytic efficiency [18-20]. Structural deviation from bulk
regions in electrode materials, including grain boundaries [10,21] and heterointerfaces [22-24], also forms
the space charge layer, resulting in varied electronic conductivity.
Strain engineering, including lattice mismatch and various dimensional (1-D and 2-D) defect formations
(e.g., dislocations and grain boundaries) has emerged as an interesting approach to tune the electronic
characteristics of metal oxides used in electrochemical catalysts [25,26], solid oxide fuel cell (SOFC)
electrodes [27-31], solar fuel generation [32-34], and batteries [35,36]. However, many studies have focused
on the oxygen vacancy-mediated space charge layer, whether strain engineering improves or retards oxygen
mobility in the lattice [28,29,31,37,38], and how modulated oxygen mobility is related to formation of
the space charge layer. Therefore, diffusion behavior of oxygen ions or oxygen ion conductivity has been
examined at elevated temperature to detect the modulation due to the electrically insulating nature of a
variety of metal oxide materials at room temperature.
However, it is difficult to find the origin of varied electrical conductivity induced by strain engineering at
high temperature because electrical conductivity at elevated temperature can be affected by a variety of
factors, such as the formation of structural defects (e.g., oxygen vacancies, dislocation, grain boundaries,
and twinning), the concentration variation of oxygen vacancies, the redistribution of oxygen vacancies
around various dimensional defects, and change in electron hopping behavior due to interactions between
oxygen vacancies and defects. In fact, it is still arguable whether electrical conductivity indeed increases
(or decreases) with strain engineering, both from oxygen transport [24,37,39] and electron hopping [40]
points of view. Thus, it is unknown whether variation in electrical conductivities induced by strain engi-
neering at elevated temperature comes from oxygen ion diffusion, inhomogeneous formation of structural
defects, change in electronic conductivity originating from redistribution of oxygen vacancies, or a com-
bination of them. To study the sole (intrinsic) effect of strain on the electronic characteristics of metal
oxides, we herein investigate the change in the electrical current after local deformation of CeO2 thin
films by indentation at room temperature, under the assumption that oxygen vacancy concentration is
very low and oxygen ion diffusion is negligible (i.e., by eliminating the effect of oxygen vacancy redistri-
bution). Conductive-tip atomic force microscopy (C-AFM) analysis of the indented CeO2 thin film at
room temperature indicates that electrical current passing through the thin film is locally enhanced near
the indented area. The change in current is demonstrated to come from the increased Ce3+/Ce4+ ratio
in the deformed region according to transmission electron microscopy-electron energy loss spectroscopy
(TEM-EELS) analysis, suggesting that local deformation induces modulation of the oxidation state of
the Ce cation. Based on computational evidence from first-principles density functional theory (DFT)
calculations and molecular dynamics (MD) simulations of CeO2, we discuss in depth the fundamental rea-
son for the enhanced current as well as the Ce3+/Ce4+ ratio observed experimentally from deformation,
taking atomic structural change and charge redistribution points of view.
Based on our fundamental study, we first suggest that structural changes induced by mechanical defor-
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mation at room temperature can cause heterogeneous charge distribution, resulting in oxidation state
change of the cation as well as electronic conductivity, which differs from the long-standing mechanism of
oxygen vacancy-mediated transport at elevated temperature. We expect that this mechanical method can
be employed to easily prepare heterogeneous structures that have different phases and electronic charac-
teristics; the same effect as introducing non-stoichiometric grain boundaries in a homogeneous electrode
material can be obtained. In addition, optimal band edges of photocatalysts such as tandem cells can
be achieved in a simple mechanical manner so that the heterogeneous photocatalysts can work best to
achieve higher energy conversion efficiency.
2 Methods
2.1 Model system
Fluorite structured CeO2 was selected as a model system because this system easily changes oxidation
state of the Ce ion between Ce4+ and Ce3+ by oxygen vacancy formation/annihilation under environ-
mental changes (e.g., doping [41-43], oxygen partial pressure [44], temperature change [44,45], or surface
generation [46]). This facile redox ability of the Ce ion is suitable for detecting the change in electronic
characteristics (or space charge layer formation). It is also an electrical insulator at room temperature.
Hence, we can assume that oxygen vacancy concentration and diffusivity at room temperature are low
enough to ignore, resulting in a clear analysis of the predominant effect of mechanical deformation on the
electronic properties at room temperature.
2.2 Thin film deposition
A thin layer of Pt (200 nm thick), serving as a current collector, was deposited on a (001) oriented
single crystal of 8 mol% Y2O3 stabilized ZrO2 (YSZ) substrates (10 × 5 × 0.5 mm3; MTI Corporation,
Richmond, CA) by DC magnetron sputtering (Kurt J. Lesker, Clairton, PA) in a sputtering chamber
evacuated to a background pressure of < 5×10−6 Torr using a cryogenic pump (CTI Cryogenics, Cryotorr
8, Chelmsford, MA). A Pt sputter target (purity > 99.99 wt%, Kurt J. Lesker) was used for deposition
after surface cleaning with a plasma power of 50 W for 3 min. Ar at 10 mTorr was maintained during
deposition using mass controllers (MKS Instruments, 1179A, Wilmington, MA) and a process controller
(MKS Instruments, 647C) with a plasma power of 50 W at room temperature.
A thin film of CeO2 (120 nm thick) was deposited by pulsed laser deposition (PLD) onto the Pt decorated
YSZ substrate (Pt/YSZ). The PLD system (Neocera Inc., Beltsville, ML) was operated with a KrF
excimer laser (Coherent COMPex Pro 205) emitting at 248 nm with an energy of 400 mJ/pulse and with
a repetition rate of 10 Hz. The Pt/YSZ substrates were heated to 650 degree Celcius while the oxygen
pressure was maintained at 10 mTorr during deposition after pumping the background pressure to <
9× 10−6 Torr. Prior to cooling, the oxygen pressure in the chamber was increased to approximately 10
Torr to facilitate more complete oxidation of the films. The thickness of the CeO2 thin film deposited on
the Pt/YSZ was evaluated using a profilometer (Bruker DXT Stylus Profilometer). The prepared thin
film/substrate (CeO2/Pt/YSZ ; 10× 5× 0.5 mm3) was divided into ≈ 9 pieces (5× 1× 0.5 mm3) using a
diamond cutter (DISCO ADA-321 dicing saw) to prepare small samples to more easily identify indents in
imaging/milling with dual beam focused ion beam-scanning electron microscopy (FIB-SEM) and C-AFM
analysis after indentation.
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2.3 Local deformation: Indentation
On prepared CeO2/Pt/YSZ, indentation experiments were performed at room temperature using a Tribo-
indenter (Hysitron Inc., Minneapolis, MN) with a Berkovich tip (150 nm average radius of curvature).
Load was applied on CeO2/Pt/YSZ at a rate of 200 mm/s up to a peak load (Pmax) of 9000 µN. The
indentation was repeated 1350 times by maintaining the distance between adjacent indents at 10 µm. In
the loading-unloading process, the load versus displacement was recorded, as shown in Figure S1a.
2.4 Current change analysis: CT-AFM
Indented CeO2/Pt/YSZ was analyzed with C-AFM to detect the current change in the local area using a
commercial AFM system (Asylum Cypher ES) and a conductive diamond-coated silicon tip (Nanosensors
CDT-FMR, resonance frequency of ≈120 kHz) that has good conductivity and is resistant to wear. To
electrically bias a sample, the indented CeO2/Pt/YSZ was attached to an electrical sample puck assembly
(part number: 448.140) using silver (Ag) paste. In the Ag pasting process, the Pt current collecting layer
in CeO2/Pt/YSZ was connected to the electrical sample puck assembly (Figure S2). For scanning current
passing through from the tip to the sample (i.e., for C-AFM imaging), an ORCA cantilever holder was
employed in basic AC and contact mode (ORCA mode) with at least 1 pA current sensitivity. To clarify
the origin of the current contrast from CeO2/Pt/YSZ, C-AFM analysis was also carried out on Pt/YSZ
indented under the same conditions (Figure S1b).
2.5 Oxidation state of Ce ion: TEM-EELS analysis
A TEM sample of the indented CeO2/Pt/YSZ was prepared by using a focused ion beam (FIB, FEI
Helios 600 NanoLab). Prior to placing the indented CeO2/Pt/YSZ in the vacuum chamber of FIB-SEM,
Pt/Pd (80:20; 30 nm) was deposited on indented CeO2/Pt/YSZ using a sputter coater (EMS 300TD)
to eliminate charge effects and to protect the sample surface from gallium ion (Ga+) beam damage. To
extract the indented area in indented CeO2/Pt/YSZ for preparing the TEM sample, the indent point was
found, as shown in Figure S3a. To protect the sample surface, including the indent point from the Ga+
ion source, 500 nm thick Pt was additionally deposited by electron beam, followed by ion beam-mediated
deposition of Pt (2 µm thick) using a gas injection system (GIS), as shown in Figure S3b. The sample
was milled using Ga+ ion beam at 30 kV and at various currents. Tungsten omniprobe was used to pick
up the milled sample and to attach it on a copper half TEM grid (Ted Pella, Omniprobe Lift-Out grids;
Figure S3c). After sample attachment on the grid, fine milling was conducted by reducing milling current
gradually (Figure S3d). Afterwards, fine milling at reduced ion energy (Ar source, 500 eV) was carried
out to remove the amorphous surface layer (Fischione NanoMill 1040).
To characterize the change of oxidation state of Ce ion in the mechanically deformed CeO2 thin film,
STEM-DF imaging (JEOL 2010F) was performed. A 200 kV electron beam is focused down to a spot
with probe size of 0.7 nm, and scanned across a thinned sample to electron transparency. EEL spectra
were acquired in STEM mode; one spectrum for every ≈100 nm distance were acquired along the CeO2
thin film. Typical acquisition times were 2 s per spectrum. In addition, the atomic structural change in
the indented CeO2 thin film was characterized by STEM-BF and STEM-HAADF imaging (Titan, FEI)
operated at 300 kV with sub- resolution.
2.6 Oxygen vacancy formation energy
We modeled fluorite-structured bulk CeO2 using a 2× 2× 2 supercell composed of 96 atoms. To address
the strongly correlated and localized 4f shell of Ce, We employed the DFT + Hubbard U (DFT +
U ) approach. DFT + U calculations were performed using VASP [47,48] with projected augmented
4
wave (PAW) pseudopotentials from the VASP database and generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE) [49]. We chose U eff (U-J ) = 4 eV [50] to describe the exchange-
correlation effects. An energy cutoff of 600 eV and a 6× 6× 6 Monkhorst-Pack k-point mesh were used
after convergence tests. Atom positions were relaxed until all forces were less than 0.005 eV/A˚.
The perfect CeO2 bulk phase was biaxially deformed by -10, -7.5, -5, -2.5, +2.5, +5, +7.5, and +10%
(+ means tensile strain) by changing the lattice parameters along the x- and y-axes. Along the z-axis,
the corresponding deformation was applied considering Poissons ratio of CeO2 [51]. To calculate the
formation energy of oxygen vacancies (Ef [VO]) in CeO2 with respect to biaxial strain (x,y), one O atom
was eliminated from the perfect CeO2 supercells under x,y, and then relaxed as for the perfect CeO2
supercell. The formation energy of the oxygen vacancies, Ef [VO], with charge q in bulk CeO2 is defined
as
Ef [V qO] = Etot[V
q
O]− Eperfecttot +
∑
nOµO + q(EF + E
perfect
V BM + ∆Vavg), (1)
where Etot[V
q
O] is the total energy of a relaxed supercell containing V
q
O, and E
perfect
tot is the total energy
for the perfect crystal using an equivalent supercell. The integer nO indicates the number of O atoms
that have been removed from the supercell to form the defect, and µO are the oxygen chemical potentials.
The chemical potential for electrons is the Fermi energy, EF , which is measured from the valence band
edge maximum (VBM). EperfectV BM is the VBM of the perfect supercell, which is obtained by E
perfect
tot -
E
(perfect,+1)
tot , where E
(perfect,+1)
tot is the total energy of the +1 charged perfect supercell. ∆Vavg is the
difference in average potentials (Vavg) far from the defect relative to the perfect supercell, i.e., ∆Vavg =
V
V q
O
avg - Vperfectavg , where V
V q
O
avg and Vperfectavg are the average potentials of the defective and perfect supercells,
respectively.
2.7 Deformation-induced oxidation state
To dynamically and cost effectively deform CeO2, we performed classical MD simulations using the
LAMMPS package [52]. For inter-ionic potentials, a rigid ion model combining a Coulomb interaction
with a short-range Buckingham term [53] was used with a cut-off radius of 10.5 A˚, by applying periodic
boundary conditions along 3-D directions. Since the inhomogeneous (plastic) deformation behavior is not
visibly captured if a supercell is too small, we varied the supercell size and relaxed the supercells with
MD using canonical ensemble, Nose´-Hoover thermostat at 298 K for 100 ps (Figure S4b). Subsequently,
uniaxial compressive strain (z) was imposed on the supercells at a constant rate of 5 × 108 /s at 298
K. The atomic configurations right beyond the yield point, i.e., in the plastic regime, were investigated
(Figure S4c). Based on the atomic configurations, we determined the minimum size needed for conducting
uniaxial compression of the CeO2 supercell with MD simulations.
Static DFT calculations were then conducted to investigate the change in charge states of individual
atoms (i) with respect to compressive strain (z), with the same parameters used as for the bulk CeO2
supercell explained in the previous section Oxygen vacancy formation energy. The change in atomic
charge (i.e., charge difference (∆ρ) was referenced to the average charge of each snapshot under z (i.e.,
∆ρ(i,z) = ρ(i,z) ρ(z)), where total charge of i was integrated in a constant radius (volume) from the
core.
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3 Results
3.1 Indentation-induced current contrast change
Figure S1a shows load (p) versus displacement (h) as the p-h curve of CeO2/Pt/YSZ (YSZ = Y2O3
stabilized ZrO2) recorded after indentation with a Berkovich tip. Permanent displacement of ≈ 100
nm in depth is observed from the indentation even after load removal. In addition, the p-h curve of
CeO2/Pt/YSZ exhibited smooth loading-unloading without any detectable pop-in events, which is due
to the presence of the ductile metal Pt and thin CeO2 layers. The p-h curve obtained from Pt/YSZ
during indentation (Figure S1b) shows a similar aspect to that of CeO2/Pt/YSZ, except for the reduced
permanent deformation depth (≈ 70 nm) in Pt/YSZ compared to CeO2/Pt/YSZ.
To evaluate how electrical properties change due to local mechanical deformation, C-AFM scanning was
performed with a tip bias of 10 V. Figures 1a–c exhibit the scanned height, deflection, and current images
around an indent on CeO2/Pt/YSZ. The C–AFM images obtained from Pt/YSZ indented under the same
conditions as for CeO2/Pt/YSZ are shown in Figures 1d–f for comparison. As can be seen in Figures
1b and 1e, the pile-up area that is known to normally be observed in ductile materials is formed by the
indentation up to 1.5 – 2 µm in lateral length both in CeO2/Pt/YSZ and in Pt/YSZ.
However, inhomogeneous contrast change in the current map is observed only for the CeO2/Pt/YSZ
sample (Figure 1c), while Pt/YSZ does not show any significant contrast change in the current image
(Figure 1f). This clearly suggests that the current contrast change observed in CeO2/Pt/YSZ mainly
arises from the CeO2 thin film layer. As the tip bias increases, the average contrast of the entire current
map becomes darker (Figure S5), and high current flows through the indented area in a roughly triangular
shape (Figure 1c). This suggests that the electrical properties, in particular electronic conductivity (refer
to Figure S2), can be enhanced by local mechanical deformation. However, the degree of enhancement
does not increase proportionally to the applied bias, although the average current passing through the
sample is higher at a higher bias (Figure S5). In addition, the high current contrast does not exactly
follow the indented pyramidal shape and pile-up configuration (Figures S6–7), which confirms that the
current contrast observed in CeO2/Pt/YSZ does not stem from a topological effect (Figure S7). A similar
aspect observed in CeO2/Pt/YSZ is also observed in the CeO2 thin film deposited on another type of
substrate (Figure S8), confirming that mechanical deformation modulates the electronic characteristics
of CeO2 thin films at room temperature.
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Figure 1 (a) Height, (b) deflection and (c) current maps of CeO2/Pt/YSZ indented at room temper-
ature. (d) Height, (e) deflection and (f) current maps of Pt/YSZ indented at room temperature. The
applied tip bias is 10 V. The AFM scanning area is 2.5× 2.5 µm2. The contrast ranges in height, deflec-
tion, and current images are 150 nm, 20 nV, and 400 pA, respectively. The dark region in the current
map corresponds to a region of high current passing through CeO2 thin film (refer to Figure S5).
3.2 Oxidation state change of Ce ions in the deformed area
It was previously reported that electrical conductivity can be modified by structural changes originating
from the formation of dislocation [28,29,37,38], grain boundaries [10,21], surfaces [54], and interfaces
[22-24]. The common observation in the modified electrical conductivity was the presence of oxygen
vacancies. In particular, it is well known that the presence of oxygen vacancies in fluorite-structured CeO2
is accompanied by a change in the oxidation state of the cation originating from electron localization in the
unoccupied 4f orbitals of two Ce4+, resulting in the reduction of Ce ions [55]. The average oxidation state
of Ce ions can be quantitatively analyzed by calculating the area of the second derivative of the extracted
spectra, especially Ce-M4,5 edges as explained in Refs. 56 and 57, using EELS by specifying a region
of interest (ROI) and imaging with TEM. The relative characteristics of Ce-M4,5 edges quantitatively
reflect the electronic transition from the 3d to 4f state of Ce ions (i.e., the amount of Ce ions in valence
states 3+ and 4+) [58,59].
Figures 2a and b exhibit TEM-bright field (TEM-BF) and scanning transmission electron microcopy-dark
field (STEM-DF) images obtained from Berkovich tip-indented CeO2/Pt/YSZ prepared using focused ion
beam (FIB) milling (refer to Methods). Pile-up of ≈ 100 nm in height is generated around the indent
(marked with a yellow star), the lateral width of which is similar to the pile-up width observed in C-AFM
images. No evidence of cracks generated in the indented CeO2 layer is observed.
Figure 2c shows the Ce-M4,5 edge EEL spectra obtained from the regions near the indent point (denoted
by on-indent in Figure 2c) and far away (≈ 5 µm) from the indent point (denoted by off-indent in Figure
2c). The two Ce-M4,5 edges in the on- and off-indent regions display little change in the energy position;
only the Ce-M5 edge in the on-indent EEL spectrum shifts by ≈ 0.5 eV to a lower energy loss. Figure
7
2d shows the Ce-M5/M4 ratio calculated with respect to different positions on the CeO2 thin film. A
prominent increase in the Ce-M5/M4 edge ratio (0.85 – 1.02, blue circles in Figure 2d) is observed in
close proximity to the pile-up region compared to that obtained from the off-indent position (Ce-M5/M4
ratio = 0.87, light red solid line in Figure 2d) or the value reported for bulk CeO2 and stoichiometric
grain boundaries (Ce-M5/M4 ratio ≈ 0.86 – 0.90 [10,57,60]). This indicates that the amount of Ce3+ has
increased in the locally deformed area, suggesting that some Ce4+ ions are reduced to Ce3+ by mechanical
deformation at room temperature. A survey of the literature reveals that the increment in the Ce-M5/M4
ratio in the pile-up region is analogous to those observed in nonstoichiometric grain boundaries [10,57]
containing structural vacancies at the boundary (Figure 2e). Hence, the increased electronic conductivity
in the indent site (Figure 1) is closely related to increased carrier concentration (i.e., n = [Ce
′
Ce], similar
to the formation of nonstoichiometric grain boundaries or oxygen vacancies) when compared to the intact
CeO2 matrix.
Figure 2 (a) TEM-BF and (b) STEM-DF images of indented CeO2/Pt/YSZ. The region for line pro-
filing is indicated with a red solid line on the CeO2 layer in figure (b). The indent point and pile–up
region are marked with a yellow star and a red dashed line in figures (a) and (b), respectively. (c) Ce
M4,5 edge EEL spectra obtained from the regions near the indent point (denoted by on-indent) and at
a greater distance (≈ 5 µm) from the indent point (denoted by off-indent). (d) Ce-M5/Ce-M4 intensity
ratio (blue circle) obtained from STEM-EELS line profiling around the indent point (indicated with a red
solid line in figure (b)). For comparison, the Ce-M5/M4 ratio (horizontal light red line) obtained from
the region further from the indent point (denoted by off-indent) was superimposed in figure (d). (e) The
Ce-M5/M4 ratio reported in the literature for comparison with figure (d). References [A], [B], [C], [D],
and [E] in figure (e) correspond to Refs. 60, 61, 57, 56, 10, respectively.
Similar to what is observed in our study, a few experimental results have shown that mechanical de-
formation at room temperature, such as from ball milling [62,63] and bending [64], changed the oxidation
state of cations. Sergo et al. [64] insisted that the reduction of the cations is attributed to the diffusion
of oxygen (or vacancies), since the diffusion of oxygen vacancies under tensile stress at room tempera-
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ture is much faster than that extrapolated from high temperature oxygen diffusivity. However, it is still
questionable as to how far oxygen ions indeed diffuse in a material with very low oxygen diffusivity at
room temperature (10−38 m/s for CeO2-Al2O3 [64]), even though the diffusivity is enhanced by tensile
strain. Therefore, to determine the origin of the variation in oxidation state of Ce ions under mechanical
deformation, in the following discussion, we investigate whether oxygen vacancies can be formed only
under mechanical deformation at room temperature.
4 Discussion
4.1 Oxygen vacancy formation energy under biaxial strain
Figure 3 shows the formation energies (Ef ) of neutral, singly, and doubly charged oxygen vacancies (V0O,
V1+O and V
2+
O ) in pristine, compressively, and tensile strained bulk CeO2 phases (refer to Methods). In
the undistorted (pristine) CeO2 phase, one neutral oxygen vacancy (V
0
O) requires 2.9 eV to be formed
in the structure, which is analogous to the calculated results from previous reports [31,65,66] Under the
application of in-plane biaxial strain (x,y), all the formation energy of V
0
O is positive, regardless of the
direction of strain. In addition, it decreases under tensile strain, while increasing under compressive strain,
in good agreement with Refs. 31 and 37. However, the linear relationship between the formation energy
of V0O and biaxial strain is not preserved under severely compressive strain (x,y > 5%), saturating at
Ef= 3.5 – 3.6 eV/vacancy, which is in good agreement with the non-monotonic variation in the formation
energy of V0O in Ref. 31. This trend observed in the formation energy of V
0
O is almost the same for V
1+
O ,
although the values sometimes deviate from those observed from V0O.
However, the formation energy of V2+O is significantly lower throughout the entire range of strain, showing
that the formation energy of V2+O is almost zero, which means that V
2+
O is much more likely to be formed
in CeO2 compared to V
0
O and V
1+
O , in accordance with the DFT calculations in Ref. 67. Therefore, it can
be suggested that a predominant defect in fluorite-structured CeO2 is V
2+
O , and that the doubly charged
state should be considered for DFT calculations in order to appropriately predict the defect chemistry in
CeO2. In addition, the linear trend observed for the formation energies of V
0
O and V
1+
O is not present;
under small strain (-2.5 < x,y < 2.5 %), the formation energy of V
2+
O decreases under tensile strain, while
increasing under compressive strain, in accordance with the trends observed for V0O and V
1+
O . In addition,
V2+O shows the lowest formation energy with a negative value at x,y ≈ 2.5 % tensile strain, indicative of
favorable formation of V2+O in CeO2 under small tensile strain even at 0 K (also at room temperature).
However, for both large compressive and tensile strains, the formation energy of V2+O increases compared
to the pristine CeO2 phase, suggesting that large in-plane strain does not help create V
2+
O in the CeO2
phase.
Considering that Poissons ratio (ν = x,y/z) of CeO2 is 0.29368, when uniaxial compressive strain (z)
of 8.53% is applied in the height direction (along the z-axis in Figure 4b), the 2.5% in-plane tensile strain
(showing the minimum formation energy of V2+O ) can also be applied to CeO2 by uniaxial compression.
This directly suggests that uniaxial compressive strain of 8.53% applied to CeO2 along the z-axis can
create V2+O defects in terms of the formation energy of oxygen vacancies.
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Figure 3 Formation energies of neutral (V0O), singly charged (V
1+
O ) and doubly charged (V
2+
O ) oxygen
vacancies per vacancy in bulk CeO2, as a function of biaxial strain (x,y) along [100] and [010] directions.
The negative and positive strains denote compressive and tensile strains, respectively.
4.2 Local phase transformation by deformation
To demonstrate whether oxygen vacancies are generated in the CeO2 thin film by dynamic uniaxial
compression (indentation in our experimental study) and how the transition of Ce4+ → Ce3+ occurs
under deformation at room temperature, we performed the uniaxial compression of a perfect CeO2
supercell without any structural defects using classical MD simulations at 298 K, as shown in Figures
4a–j. Figure 4a shows the stress-strain curve obtained during uniaxial compression of the CeO2 supercell
shown in Figure 4b. The reason for the choice of supercell size is explained in detail in Figure S6. To
mimic the deformation behavior of the CeO2 thin film under experimental indentation, the aspect ratio
(thickness/width = c/a) of the CeO2 supercell was reduced to 0.5 (Figure 4b), but using the minimum
size for capturing inhomogeneous deformation during uniaxial compression, as interpreted in Figure S4.
The CeO2 supercell exhibits a linear stress-strain curve up to the yield point (z ≈ 8.4%), exhibiting
elastic deformation with Youngs modulus of 410 GPa, which is very high compared to the experimental
value (175 GPa) [51]. This is because experimental samples usually contain many defects, thus, Youngs
modulus is lower compared to the theoretical value [69], suggesting a large effect from defects on the
physical properties.
Beyond the yield point, the stress-strain curve is no longer linear, experiencing plastic deformation with
phase transformation in a localized region, as shown in Figures 4c–e. Figure 4d shows the plastically
deformed CeO2 supercell (Figure 4c) aligned to [110]. A small region in the uniaxially compressed CeO2
supercell is magnified and shown in Figure 4e. Uniaxial compression causes inhomogeneous deformation
in the CeO2 supercell (Figures 4b–e); the initial CeO2 structure (left side of the CeO2/T-CeO2 interface;
vertical blue dotted line in Figure 4e) remains in the initial CeO2 bonding configuration (Figure 4f) in
the less deformed region (four O bonds and eight Ce bonds). However, the CeO2 structure has partially
transformed into a different structure (referred to as T-CeO2 herein) with four bonds to O, but fewer
bonds to Ce (seven bonds; Figure 4e), which is consistent with those in oxygen vacancy-containing CeO2
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(Figure 4g). Considering that one of the Ce-O bond lengths is very long compared to the other three
Ce-O bonds (Figure 4e), the elongated Ce-O bond with weaker bond strength is most likely to be broken
during a phase transformation (Figure 4h), whereby the polyhedral structure around the central Ce ion
in the T-CeO2 phase becomes octahedral short-range ordered (SRO), with each O having three bonds
and each Ce with six bonds (Figures S9a–b), differing from pristine CeO2 (Figures S9g–h). The newly
created T-CeO2 phase via phase transformation has some structural aspects (or bonding configuration)
analogous to tetragonal CeO2 (P42/mnm), trigonal Ce7O12 (R3), and cubic Ce2O3 (Ia3) structures
(Figure S9 and Table 1), thereby suggesting that the T-CeO2 phase may exhibit electronic properties of
both stoichiometric tetragonal CeO2 and non-stoichiometric species (such as Ce7O12 and Ce2O3) that
deviate from cubic CeO2, even though T-CeO2 remains in the same Ce:O ratio of 1:2 as pristine cubic
CeO2 without a change in stoichiometry. The change in bonding configuration occurs via the movement
of oxygen ions mainly along the z- and y-axes, as marked with black arrows in Figures 4h and i, such
that O ions get closer to Ce ions due to compressive strain beyond the critical point.
Indeed, a similar oxygen ion movement aspect is observed in the formation of oxygen vacancies in bulk
CeO2 (Figure S10). The formation of oxygen vacancies in CeO2 is accompanied by miniscule migration
of oxygen ions around the vacancy from their original location (Figure S10a), which in turn induces the
collection of excess electron density around the oxygen vacancy (Figure S10b). Therefore, it is expected
that charge redistribution near the T-CeO2 phase is analogous to when an oxygen vacancy is generated
(explained in the section Charge state vs. strain).
In short, the phase transformation is considered to occur via the following mechanism. The mechanical
energy externally applied during uniaxial compression is absorbed in the CeO2 matrix, followed by non-
uniform Ce-O bond lengthening near the yield point in the elastic regime (Table S2); some Ce-O bond
lengths decrease or increase a little (refer to CO2 in Table S2) compared to that of the pristine CeO2
structure (refer to CO1 in Table S2). This occurs in order to sustain the high mechanical energy absorbed
in the CeO2 structure during uniaxial compression, by slightly distorting the bonding configuration of the
CeO2 structure. However, at the moment that the CeO2 structure cannot sustain the severe distortion
anymore (i.e., at the yield point), one of the elongated bonds is broken, while the other elongated bond
becomes tighter, resulting in the creation of the T-CeO2 phase with reduced bonding number (refer to
CO4 in Table S2) by releasing absorbed mechanical energy. A part of the Ce-O bonds that do not
participate in the formation of the new phase (T-CeO2 phase) returns to the structure similar to that
of pristine CeO2 (refer to CO3 in Table S2). The CeO2 structure with a low aspect ratio (= 0.5)
exhibits a CeO2/T-CeO2 phase interface parallel to the compressive strain axis (Figure 4c) during plastic
deformation, unlike the CeO2 structure with a higher aspect ratio which shows approximately 40–50
degree between the plastically deformed region (T-CeO2) and the compressive axis (Figure S4). During
uniaxial compressive deformation of the CeO2 supercell with c/a = 1, the CeO2/T-CeO2 phase interface
is parallel to the strain axis in the early stage of plastic deformation, while shifting 49 degree from the
axis in the latter stage (Figure S11). Therefore, it should be noted that atomic rearrangement occurring
during plastic deformation is largely determined by the aspect ratio of the sample, as known from other
studies [70,71]. Thus, it is expected that a CeO2/T-CeO2 phase interface is created parallel to the loading
axis in our CeO2 thin film indentation experiment.
As can be seen in Figures 4d–h, Ce ions in the CeO2 phase exhibit a diamond structure, albeit the
bond lengths are a little shorter compared to pristine CeO2 due to volume contraction upon compression.
This diamond structure is also observed in STEM-BF and STEM-high angle annular dark field (STEM-
HAADF) images near the indent on the CeO2 thin film (Figures 4k, S12a, and S12c) and undistorted
CeO2 thin film (far removed from the indent), as shown in Figure S13. Even though the CeO2 phase
has transformed into the T-CeO2 phase, the Ce ions in the newly created T-CeO2 phase remain in the
diamond structure, both in the uniaxially compressed CeO2 supercell with MD simulation (Figures 4e)
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and in the experimentally analyzed STEM images of the indented CeO2 thin film (Figures 4l and S12c).
On the other hand, a difference is observed in the STEM-BF images of CeO2 and T-CeO2 phases in
Figures 4k and l. The O ions (and open space for vacuum transmission) have diamond symmetry along
the [110] zone axis of the CeO2 phase (Figures 4k, S12a, and S13) as expected from Figures 4d–f, whereas
bright contrast in a zigzag pattern (not straight diamond symmetry) along the diagonal direction is ob-
served for the T-CeO2 phase (Figure 4l and (2-5) in Figure S12). This difference is thought to arise
from the broken symmetry of O ions (including the contrast coming from vacuum transmission) by the
movement of O ions in the T-CeO2 phase (as illustrated in (2-3) to (2-5) in Figure S12). This zigzag
pattern observed along the diagonal direction has never been observed from the cubic structure of CeO2,
and we could not observe this peculiar contrast in the undistorted region of the CeO2 thin film (Figure
S13). Thus, it appears that the T-CeO2 phase formed via mechanical deformation differs from the cubic
CeO2 structure (Figures 4l and S12c).
Figure 4 (a) Stress–strain curve obtained during uniaxial compression along height direction (z–axis),
shown in figure (b). (b) Initial structure of CeO2 supercell with aspect ratio (c/a) = 0.5, before uniaxial
compression. Yellow–green and red circles denote Ce and O atoms, respectively. (c) Atomic configuration
of the CeO2 supercell uniaxially compressed right beyond the elastic limit, under z = 8.5%. The phase
transformed region (CeO2 → T-CeO2) is highlighted by the blue shade. The CeO2/T-CeO2 interface
is denoted with blue dotted lines. (d) Atomic configuration of the plastically deformed CeO2 supercell
(z = 8.5%, as shown in figure (c)) aligned to [110]. (e) The magnified view of figure (d) showing both
CeO2 and T-CeO2 phases simultaneously. The upper figures are aligned to [110], while bottom figures
are aligned to [101]. (f) Atomic configuration of the pristine CeO2 aligned to [110] (upper) and [101]
(bottom), shown to compare to figure (e). (g) Atomic structure of a CeO2 unit cell containing an oxygen
vacancy (VO). (h) Atomic configuration of the T-CeO2 phase when the highly elongated Ce-O bond in
figure (e) is considered to be broken. (i) – (j) O ions movement indicated with black arrows in T-CeO2
phase aligned to [110] (figure (i)) and to [101] (figure (j)), anticipated by comparing the T-CeO2 region
in figure (e) with the pristine CeO2 structure in figure (f). (k) – (l) STEM–BF and STEM–HAADF
images of the CeO2 phase (figure (k)) and T-CeO2 phase (figure (l)) taken from the indented CeO2 thin
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film shown in Figures 2a–b, along the [110] zone axis. The detailed interpretation of the STEM images
and the denotation of (1-2) and (2-5) in figures (k) and (l) are in Figure S12. In STEM–BF images, the
darker contrast is the Ce ion, while the brightest contrast is vacuum, and vice versa in STEM–HAADF
images.
4.3 Charge state vs. strain
To determine the origin of the higher concentration of Ce3+ and higher current in the indented CeO2 thin
film (Figures 1 and 2), we investigated the charge redistribution in CeO2 during mechanical deformation.
Figure 5 shows the charge difference relative to the average atomic charge of each configuration (refer
to Methods) with respect to the applied uniaxial compressive strain using the MD-compressed CeO2
supercell (Figure 4). Within the elastic regime (up to z = 8.4%, Figures 5a and b), atomic charge does
not change considerably in the entire supercell, whereas it suddenly exhibits a large change just beyond
the elastic limit (z = 8.5%) in Figure 5c. The charge difference in the plastically deformed CeO2 is
inhomogeneous, such that in the local area in which more severe plastic deformation occurs (T-CeO2
phase), Ce ions tend to attract more electrons. The increased charge in the T-CeO2 phase appears to
come from the less deformed CeO2 region, considering that the CeO2 phase loses electrons (blue color)
after plastic deformation (Figure 5c). This indicates that the plastic deformation-induced structural
change from CeO2 to T-CeO2 causes the redistribution of electrons at and near the interface such that
electrons migrate from CeO2 to T-CeO2. This redistribution is expected to be driven by the structural
difference between the T-CeO2 structure and the pristine CeO2. Note that this does not involve oxygen
ion movement between the two phases, and the amount of oxygen in each phase is preserved.
The oxidation state of Ce ions in the T-CeO2 phase is best represented as Ce
α+
plastic regime (where 3 < α
< 4), where the degree of electron transfer from CeO2 to T-CeO2 phases is approximately 0.20 – 0.25
e (changing from approximately -0.13 e in the CeO2 phase to ≈ 0.1 e in the T-CeO2 phase) in the
supercell of the CeO2/T-CeO2 heterostructure (Figure 4c). The change is very close to the change ana-
lyzed by TEM-EELS in Figures 2d–e, considering that the reduction from Ce4+ to Ce3+ is a 1e change,
Ce-M5/M4 ratio changes from 0.87 to 1.4 (∆Ce-M5/M4 ratio = 0.53), and in changing from Ce
4+ to
Ceα+plastic regime, the Ce-M5/M4 ratio varies from 0.87 to 0.98 (∆Ce-M5/M4 ratio = 0.11). The same
trend in the charge difference distribution in the mechanically deformed CeO2 supercell is also observed
in a CeO2 supercell with a higher aspect ratio (Figure S14). This aspect of electron transfer occurring
in mechanically deformed CeO2 supports the results from high temperature X-ray photoelectron spec-
troscopy (XPS) showing that the ratio of Ce3+/Ce4+ in CeO2 improved upon in-plane biaxial tensile
strain [31]. Therefore, the enhanced current observed in the C-AFM analysis of the indented CeO2 thin
film (Figure 1) is thought to originate from formation of the highly electronically conductive T-CeO2
region, which redistributes charges between CeO2 and T-CeO2 phases (considered as the reduction of
Ce4+). The redistribution causes a prominent increase in the electronic conductivity at relatively low
temperature due to faster transport of polarons [72], resulting in enhancement of electronic conductivity
of the CeO2 thin film.
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Figure 5 The distribution of charge difference (upper), and atomic configurations (bottom), in CeO2
supercells with respect to the applied compressive strains of (a) 6.5%, (b) 8.35% and (c) 8.5%, along
the z–axis. In the upper figures, one circle denotes the position of an atom. The color map (right side
of figure (c)) is identical for figures (a) – (c), and the unit is e/atom. For the definition of the charge
difference, refer to Methods. In the bottom figures, yellow-green and red circles denote Ce and O atoms,
respectively. The vertical gray dotted lines are the CeO2/T-CeO2 interfaces.
5 Conclusions
We report that mechanical indentation at room temperature improves local electronic conductivity in
CeO2 thin films (Figure 1). The improved conductivity is closely related to the increased concentration of
Ce3+ in the indented CeO2 matrix (Figure 2). The incremental change in concentration of Ce
3+ is similar
to that observed in non-stoichiometric grain boundaries [10,57], which is known to be accompanied by
accommodation of oxygen vacancies in the boundaries.
According to our DFT calculations (Figure 3), doubly charged oxygen vacancies (V2+O ) are thermodynam-
ically favorable to be formed in CeO2 under small biaxial tensile strain of 2.5% along in-plane (or uniaxial
compressive strain of 8.53% along out-of-plane) directions at room temperature (or 0 K) in terms of the
formation energy of oxygen vacancies. On the contrary, singly charged and neutral oxygen vacancies are
not likely to be created even under a large amount of tensile strain. This implies that doubly charged
oxygen vacancies can be generated during dynamic mechanical deformation, such as uniaxial compression
or indentation. Uniaxial compression with classical MD simulations and static DFT calculations of the
snapshots obtained from the MD compression (Figures 4 and 5) show that plastic deformation (beyond
the elastic limit) partially induces the phase transformation from CeO2 to T-CeO2. The phase transfor-
mation mainly takes place via movement of the O ions closer to Ce ions during uniaxial compression,
which makes the bonding configuration of the T-CeO2 phase similar to the oxygen vacancy-containing
CeO2 structure. During phase transformation, electrons redistribute such that some electrons migrate
from the pristine CeO2 to the adjacent severely deformed T-CeO2 phase region; this results in Ce ions
in the T-CeO2 phase mainly changing oxidation state from Ce
4+ to Ceα+ (where 3 < α < 4) (Figure 5).
The excess electron accumulation in Ce ions in the T-CeO2 phase is analogous to the increment observed
in the Ce-M5/M4 ratios of the indented CeO2 thin film compared to that of the undistorted CeO2 thin
film, as identified by TEM-EELS (Figure 2). Our findings based on the use of strain engineering at room
temperature are different from the previous explanation that is widely discussed to clarify the origin of
the varied electrical properties by strain engineering at elevated temperature. Our study also suggests a
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simple method for tuning the electronic conductivity via structural change by mechanical deformation;
phase transformation induced by mechanical deformation at room temperature can provide an effect
similar to the introduction of oxygen vacancies, enhancing electronic conductivity in a localized region.
We expect that this mechanical method can be easily employed to make heterogeneous structures that
have different phases and electronic characteristics while being formed from the same constituents.
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Indentation experiments
Indentation experiments were performed at room temperature using a Tribo-indenter
(Hysitron Inc., Minneapolis, MN) with a Berkovich tip (150 nm average radius of curva-
ture). Load was applied on the prepared CeO2/Pt/YSZ sample at a rate of 200 mm/s up
to a peak load (Pmax) of 9000 µN.
Figure S1 shows the load (p) versus displacement (h) as p–h curves of CeO2/Pt/YSZ
and Pt/YSZ recorded during indentation with a Berkovich tip. Permanent displacement
induced by the indentation was observed both in CeO2/Pt/YSZ (≈ 100 nm in depth, h(a)p )
and in Pt/YSZ (≈ 80 nm in depth, h(b)p ), even after unloading. The indentation made
during the loading-unloading process represents the work that is dissipated through the
plastic deformation and is absorbed into a material (i.e., toughness of the material). This
area is 3.933×10−10 J for CeO2/Pt/YSZ, denoting that the externally applied mechanical
energy was consumed and absorbed into CeO2/Pt/YSZ during plastic deformation. In
addition, the p-h curves of CeO2/Pt/YSZ and Pt/YSZ exhibit smooth loading-unloading
curves without any detectable pop–in events, which is likely due to the presence of Pt as
a ductile metal and the thin CeO2 layers.
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Figure S1 Load-displacement (p–h) curves of (a) CeO2/Pt/YSZ and (b) Pt/YSZ. h
(a)
p
and h(b)p are permanent depth in CeO2/Pt/YSZ and Pt/YSZ, created after removal of the
test force. Pmax is the applied peak load.
C–AFM Sampling
Figure S2a shows a photograph of an indented CeO2/Pt/YSZ sample attached on a sam-
ple puck assembly (part number: 448.140) using silver (Ag) paste for C–AFM. Figure
S2b is a schematic figure showing the indented CeO2/Pt/YSZ attached on a sample puck
assembly (Figure S2a). To electrically bias the sample, the Ag paste (light gray color in
Figure S2b) was also spread on the Pt film layer (dark gray color in Figure S2b), so that
the Ag paste and the Pt layer beneath the CeO2 thin film can be connected. Since the
current from the tip goes through the CeO2 and Pt layers (not to the YSZ substrate) in
sequence, the contrast observed in the current image (obtained in the room temperature
C–AFM analysis) is considered only from the electronic current, which is related to small
polaron hopping.
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Figure S2 (a) A schematic picture of an indented CeO2/Pt/YSZ attached on a sample
puck assembly by Ag paste for C-AFM analysis. (b) An explanatory figure showing the
sample attached on the sample puck assembly, shown in more detail in figure (a).
TEM sampling with SEM/FIB
A TEM sample of indented CeO2/Pt/YSZ was prepared using a focused ion beam (FIB,
FEI Helios 600 NanoLab). Prior to placing the indented CeO2/Pt/YSZ in the vac-
uum chamber of FIB/SEM, Pt/Pd (80:20; 30 nm thick) was deposited on the indented
CeO2/Pt/YSZ using a sputter coater (EMS 300TD) to eliminate the effect of charge and
to protect the sample surface from Ga+ ion beam damage. To extract the indented area
in CeO2/Pt/YSZ for preparing TEM samples, the indent point was first found in the
SEM-FIB, as shown in Figure S3a. To protect the sample surface from the ion source,
500 nm thick Pt was deposited by electron beam, followed by the ion beam-mediated
deposition of Pt (2 µm thick) using a gas injection system (GIS), as shown in Figure S3b.
The sample was milled using the Ga+ ion at 30 kV and various currents. A tungsten
omniprobe was used to pick up the milled plate and to attach it on the copper half TEM
grid (Ted Pella, Omniprobe Lift-Out grids) (Figure S3c). After sample attachment on
the grid, fine milling was conducted at low currents by gradually reducing the milling
current (Figure S3d). Afterwards, fine milling at reduced ion energy (Ar source, 500 eV)
was carried out to remove the surface amorphous layer (Fischione NanoMill 1040).
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Figure S3 TEM sampling procedure of an indented CeO2/Pt/YSZ with FIB/SEM. SEM
images of (a) a surface of an indent on the CeO2/Pt/YSZ, (b) the indented CeO2 thin
film after deposition of Pt, using GIS, (c) Ga+ ion-milled CeO2/Pt/YSZ plate attached
on Cu half grid using tungsten omniprobe, and (d) TEM sample milled more from figure
(c) at lower milling currents.
Selection of CeO2 supercell size
Figure S4a shows the stress-strain curves obtained during uniaxial compression of the
CeO2 supercell (aspect ratio c/a = 2) with classical MD simulations at 298 K with dif-
ferent supercell sizes. Periodic boundary conditions were applied in all directions for the
supercells used for uniaxial compression. The deformation behaviors are very similar,
independent of the supercell size, while the atomic configuration beyond the yield point
(≈ 8.5%) differs depending on the size (Figure S4b); the smallest supercell consisting of
216 atoms is uniformly deformed and changed into a new phase (referred to as T-CeO2) in
the entire sample beyond the elastic limit. When the supercell is too small, the periodic
boundary conditions cannot capture the long-range stress and strain fields that form in
the realistic bulk sample. However, in supercells larger than the supercell with 216 atoms,
i.e., the supercells consisting of 384, 600, and 2400 atoms (Figure S4b), inhomogeneous
plastic deformation behaviors are captured (Figure S4c). Therefore, the supercell com-
posed of 384 atoms is considered the minimum size for capturing both plastic deformation
and its effect on the charge redistribution in CeO2 under plastic deformation (Figures 5
in the main text and S14).
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Figure S4 (a) Stress-strain curves of different CeO2 supercell sizes, obtained during uni-
axial compression with MD simulations at 298 K. The number in the legend denotes the
total number of atoms constituting the supercell (aspect ratio c/a = 2). (b) Initial struc-
tures of the supercells (consisting of 216, 384, and 600 atoms) (c) Atomic configurations
of different sized CeO2 supercells under the uniaxial compressive strain right beyond the
elastic limit (z ≈ 9%). Yellow-green and red circles in figures (b) and (c) denote the Ce
and O atoms, respectively.
Effect of a bias on current passing through a sample
Figure S5 shows current images obtained from conductive tip–atomic force microscopy
(C–AFM) analysis as a function of a bias applied to the indented CeO2/Pt/YSZ sample
with a Berkovich tip (Figure S1). With increasing magnitude of the applied bias, the
current image has darker contrast on average, where darker contrast indicates a region
with higher current passing through. Therefore, we confirm that electrical conductivity
increases at the locally deformed area around the indent at room temperature (Figure
S5). However, the increment is not exactly proportional to the applied bias, considering
that the average current contrasts obtained from 3 V and 10 V are similar, even though
the applied bias increases.
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Figure S5 Current images obtained from C–AFM analysis at the applied bias of 0.2, 3,
and 10 V. All current images were set at the same offset and current range, and the size
of scanned images.
Pile–up vs. current map
Figures S6a and b show deflection and current images of the indent on the indented
CeO2/Pt/YSZ obtained from C–AFM measured at 10 V. The indent generated by a
Berkovich tip shows the pyramidal shaped pile–up (red dotted lines added as a visual
guide) (Figure S6a). However, the current contrast observed around the pile-up region
does not follow the indent and pile–up configuration (Figure S6b). This suggests that the
contrast in the current map detected with C–AFM arises from a local deformation rather
than the topological effect of the pile–up.
Figure S6 (a) Deflection and (b) current images obtained from the C–AFM analysis.
Red dotted lines show the pyramidal shape around the indent. The size of the scanned
images is 2.5× 2.5 µm2.
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Effect of indentation tip on current image
Because significant topological effects can be introduced to Berkovich tip–indented sam-
ples, the indentation was performed on CeO2/Pt/YSZ using a conical tip for compari-
son. The conical tip can uniaxially compress a material, limiting the indentation to a
micrometer–sized local area, thus minimizing the potential topological effect introduced
by the Berkovich tip. As can be seen in Figure S7a, the p-h curve obtained from inden-
tation with the conical tip (red dashed line) shows a permanent deformation similar to
that obtained with the Berkovich tip (black line), after recovery of the large elastic de-
formation in the process of unloading. Uniform pile–up is generated around the indented
point (Figure S7b). The current image does not exactly correspond to that of the height
(topological) image, rather it forms circular current contrast around the permanently de-
formed indent point. In accordance with the current map of the Berkovich tip-indented
CeO2/Pt/YSZ (Figure 1 in the main text), the highest current contrast is observed near
the pile–up around the indent point. However, the current contrast does not follow the
pile–up aspect, indicating a negligible topographical effect on the current image around
the indent. Hence, the current contrast observed in the indented CeO2 layer originates
from the locally varied electronic properties of the CeO2 layer.
Figure S7 (a) p-h curve of CeO2/Pt/YSZ indented with a conical tip. Load was applied
on the prepared CeO2/Pt/YSZ sample at a rate of 200 mm/s, up to peak load of 5000
µN. p-h curve of the CeO2/Pt/YSZ indented with a Berkovich tip is superimposed on
figure (a) for comparison. (b) Height and (c) current images obtained from the C–AFM
analysis of the conical tip–indented CeO2/Pt/YSZ at a bias voltage of 3 V.
CeO2/Nb:STO indentation and current contrast
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As observed in Figure 1 in the main text, the higher current around the indented area is
also observed in another system, i.e., CeO2 thin film (90 nm thick) deposited on Nb–doped
SrTiO3 substrate (Nb 0.7 wt%:STO, MTI) indented with a Berkovich tip (Figures S8a–c).
In accordance with Figure 1 in the main text, higher current contrast is observed in the lo-
cally deformed area around the indent, which directly confirms that the local deformation
at room temperature causes the modification of electronic conductivity. This ensures that
the inhomogeneous current contrast observed in indented CeO2/Pt/YSZ is not an artifact.
Figure S8 (a) Height, (b) deflection, and (c) current images recorded by applying 10
V to the indented CeO2/Nb:STO. The size of the scanned images is 4× 4 µm2.
Polyhedral structures in T-CeO2
Figure S9 shows the atomic configurations of T-CeO2, trigonal Ce7O12 (R3), tetragonal
CeO2 (P42/mnm), cubic Ce2O3 (Ia3), and cubic CeO2 (Fm3m) analyzed with polyhedra
(shaded with sky blue faces). In the T-CeO2 phase, 3–D octahedral short–range ordered
(SRO) structures (marked with (i) in Figures S9a–h) are formed around Ce ions, with
vertex and edge connections (sharing) between the neighboring octahedra (Figures S9a–
b). These octahedral SRO structures with vertex and edge sharing are also observed in
Ce7O12, tetragonal CeO2 and cubic Ce2O3 (Figures S9c–h), but not in cubic CeO2 (Fig-
ures S9i–j). Unlike the T-CeO2, trigonal Ce7O12, tetragonal CeO2, cubic Ce2O3 phase
composed of both vertex and edge sharing among octahedral, cubic CeO2 presents only
edge sharing among hexahedra (marked with (ii) in Figures S9i–j). According to a vari-
ety of polyhedral structural factors summarized in Table S1, T-CeO2 phase is similar to
trigonal Ce7O12, tetragonal CeO2 and cubic Ce2O3 among various Ce-O compounds, as
marked in yellow in Table S1.
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Figure S9 Atomic configurations of (a)–(b) T-CeO2 obtained after plastic deformation
(z= 8.5% shown in Figure 4c in the main text), (c)–(d) trigonal Ce7O12 structure (space
group : R3), (e)–(f) tetragonal CeO2 structure (space group : P42/mnm), (g)–(h) cu-
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bic Ce2O3 (space group : Ia3) structure, and (i)–(j) cubic CeO2 (space group : Fm3m)
structure along two different directions. The faces on the polyhedra found in T-CeO2,
Ce7O12, Ce2O3, and CeO2 structures are shown with sky blue shade. The unit polyhe-
dron observed in the structures are highlighted with red and purple shades as marked
with (i) and (ii). The polyhedra shaded with red or purple are known as octahedron and
hexahedron, respectively.
Table S1 The polyhedral type constituting T-CeO2, trigonal Ce7O12 structures, tetrag-
onal CeO2, cubic Ce2O3, cubic CeO2, and its effective coordination number, volume,
distortion index, and average Ce-O bond length in the polyhedra. The polyhedral struc-
tural factors close to that of the T-CeO2 phase are shaded with yellow color.
∗The units of polyhedral volume and Ce-O bond length are A˚3 and A˚.
Presence of oxygen vacancy in CeO2
Figure S10a shows the atomic configurations of DFT–relaxed fluorite–structured CeO2
(2 × 2 × 2 unit cells) containing one oxygen vacancy without straining. The relaxation
method is the same as explained in the Oxygen vacancy formation energy section in
Methods in the main text. Around the oxygen vacancy (yellow sphere), several nearest
neighbor oxygen ions (blue spheres) migrate slightly toward adjacent Ce ions or oxygen
vacancy as marked with black arrows [1,2], making the Ce-O bond length shorter than in
pristine CeO2 (Table in Figure S10). Two Ce-O nearest neighbor bonds around any O ion
(O5 in Figure S10a), especially those closest to oxygen vacancies among the four bonds,
decrease the bond length slightly compared to that in pristine CeO2 (2.403 → 2.358 A˚),
while the other two Ce-O bonds slightly extend (2.403 → 2.529 A˚). This small change in
the bond length between Ce-O, accompanied by the presence of oxygen vacancy, affects
the electron redistribution around the oxygen vacancy (Figure S10b); excess electron den-
28
sity exists around the oxygen vacancy. It is well known that two electrons remain when an
O ion leaves from the CeO2 matrix, redistributed around two Ce ions near the O vacancy,
changing the oxidation state of the Ce ion from 4+ to 3+ in order to satisfy the charge
balance. Therefore, we expect that if the structure has bonding configurations (shorter
or longer Ce-O bond lengths) similar to those near the oxygen vacancies in CeO2 (Figure
S10), then the inhomogeneous charge redistribution observed around the oxygen vacancy
might occur in the structure (such as T-CeO2 created during uniaxial plastic deformation,
as shown in Figure 5 in the main text and Figure S14).
Figure S10 (a) Atomic configuration and (b) differential charge distribution in fluorite
structured CeO2 consisting of 2 × 2 × 2 unit cells (without straining) along <10 3 0>
(upper figures) and <1 0 1> (bottom figures). The differential charge density (∆ρ) is
defined as ∆ρ=∆ρ(CeO2+VO)–∆ρ(CeO2). Isosurface level (electron rich) was set at 0.03
e/A˚, with sky-blue color. Yellow-green and red circles are Ce and O atoms in CeO2,
while blue circles are O atoms which are nearest neighbors of the oxygen vacancy and
move towards the oxygen vacancy. The yellowish circle marked with a dotted black line
indicates the location of an oxygen vacancy in the CeO2 structure.
Change in Ce-O Bond length by uniaxial compression
Table S2 Bond length of Ce-O ions in a pristine CeO2 structure, deformed CeO2 phase
in elastic and plastic regimes, and the T-CeO2 phase in a plastic regime.
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Change in the direction of CeO2/T-CeO2 interface
Figure S11 shows snapshots of the CeO2 supercell with c/a = 1 obtained during uni-
axial compression, with respect to the applied compressive strain (z). A part of the
CeO2 supercell transforms into the T-CeO2 phase (refer to the main text) beyond the
elastic limit (z = 8.42%), with the interface of the CeO2/T-CeO2 phases parallel to the
strain axis in the early stage of plastic deformation (z = 8.45%). However, the direction
of the CeO2/T-CeO2 phase interface rotates 49 degree from the axis in a later stage (z
≥ 8.55%), as shown in Figure S11.
Figure S11 Movement of CeO2/T-CeO2 phase interface. Snapshots of CeO2 supercell
with c/a = 1, obtained during uniaxial compression, with respect to the applied com-
pressive strain (z). Yellow-green and red circles in snapshots denote Ce and O atoms,
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respectively. The detailed explanation on the T-CeO2 phase is in the main text.
STEM analysis of CeO2 thin film after indentation
Figure S12 shows STEM-BF and STEM-HAADF images obtained around the indent point
made on CeO2 thin film (in the CeO2/Pt/YSZ sample) at room temperature (marked with
a red circle in the upper schematic figure in Figure S12). The STEM images are taken
when the electron beam is aligned with the [110] zone axis of the CeO2 thin film. The
MD-simulated CeO2 supercell in which the T-CeO2 phase is generated during plastic de-
formation (refer to Figure 4c in the main text) is rotated along <110> and shown in the
right side of Figure S12a, to directly compare the STEM images to the MD simulated
CeO2 structure.
Unlike STEM images obtained from the undistorted CeO2 thin film (far away from the
indent, as marked in the upper schematic figure in Figure S13), several different contrasts
are observed in the CeO2 thin film deformed by indentation (Figure S12), as indicated with
a, b, and c in the STEM images in Figure S12. Region a is the CeO2 structure maintaining
the initial cubic structure even though the thin film experiences plastic deformation upon
indentation (Figure S12a). Ce ions in the CeO2 phase (Figure S12a) exhibit diamond
structures (blue solid lines serve as a guide; illustrated in Figures (1-1) and (1-2) in
Figure S12). The yellow, green, and orange circles in Figure (1-2) are superimposed on
Figure S12a in order to show that the material in the STEM images in Figure S12a has
the same structure as pristine CeO2. The STEM-BF contrast roughly estimated from
the CeO2 structure composed of heavy Ce ions and light O ions is shown in Figure (1-3)
in Figure S12. Not only Ce ions, but also the contrast made by vacuum transmission
or O ions (the brightest contrast in Figure (1-3)) exhibits the same diamond structure
as indeed observed in the STEM-BF image in Figure S12a. Therefore, it is certain that
region a is the CeO2 structure oriented to the <110> axis.
The diamond structure is also observed among Ce ions in the undistorted CeO2 thin
film (Figure S13). In addition, the bright contrast produced from O ions and vacant
space (bright contrast in the BF image and dark contrast in the HAADF image) in the
CeO2 phase are also diamond shaped (Figure S13), confirming again that region a is a
fluorite-structured CeO2 phase.
Region c (Figure S12c) is the newly created T-CeO2 phase that is transformed from the
fluorite CeO2 phase. Even though the CeO2 phase has transformed into the T-CeO2 phase
under mechanical deformation, the Ce ions in the T-CeO2 phase remain in the diamond
structure both in the uniaxially compressed CeO2 supercell with MD simulation (Figure
4d–e, right side of Figure S12a, (2-1) in Figure S12) and in the experimentally indented
CeO2 thin film (Figure S12c).
However, in region c, a different contrast is observed in the STEM-BF image in Figure
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S12c from that in Figure S12a; bright contrast in a zigzag pattern (not straight diamond
symmetry) along the diagonal direction is observed in the STEM-BF image of the T-
CeO2 phase (same as the Figure (2-6) in Figure S12), which is expected to arise from
the broken symmetry of O ions (including vacuum transmission) by movement of the O
ions (illustrated in (2-2) to (2-5) in Figure S12). This zigzag contrast along the diagonal
has never been observed for cubic CeO2, and we did not observe any uneven (irregular)
contrast in the undistorted region in the CeO2 thin film (Figure S13).
The STEM contrast, especially in the BF image shown in region b, seems to have a strong
strain field by deviating from the initial CeO2 phase, but gradually changing from CeO2
to T-CeO2 while retaining the bonds between phases in regions a and c. The contrast
observed in region b is frequently observed only in the indented CeO2 thin film but not in
the region far away from the indent point (Figure S13) when we randomly imaged around
the indent point (all of the images are not shown in this manuscript). The region far
away from the indent point (expected to be an undistorted region) only shows the CeO2
structure in the STEM images (Figure S13).
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Figure S12 Upper figure : a schematic figure illustrating the location where the STEM
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images are taken from the indented CeO2 thin film (in CeO2/Pt/YSZ). The red open
solid line denotes that the STEM images are taken from near the indent (deformed re-
gion) made on the CeO2 thin film with a Berkovich tip. The TEM sampling and analysis
methods are explained in Methods in the main text. Several different contrasts observed
in the indented CeO2 thin film are denoted as a, b, c in the STEM-BF and STEM-HAADF
images. The magnified views (BF and HAADF images) of the regions a and c are shown
in figures (a) and (c). The figure at the right side of figure (a) indicates the CeO2 su-
percell uniaxially compressed with MD simulation (aspect ratio = 0.5 as shown in Figure
4b in the main text) but rotated along <110>. (1-1) Pristine CeO2 structure aligned to
<110>, but slightly compressed along the z-axis. (1-2) Schematic of atomic arrangement
in figure (1-1). Yellow-green and orange open circles denote Ce and O ions located in
figure (1-1). Figure (1-2) is superimposed on figure (a) (both in BF and HAADF im-
ages) to explain that the STEM images taken from the indented CeO2 thin film match
the CeO2 structure shown in figure (1-2). (1-3) The STEM-BF image roughly predicted
from the atomic arrangement shown in figure (1-2) for improved understanding of the
STEM-BF image in figure (a). A heavier atom appears in darker contrast in the BF
image. (2-1) The newly created T-CeO2 structure during uniaxial compression with MD
simulation shown in Figure 4h in the main text. (2-2) Schematic figure illustrating how
O ions move (indicated with black arrows) in the T-CeO2 phase, which is predicted by
comparing the T-CeO2 region in figure (2-1) with the pristine CeO2 structure in figure
(1-1). (2-3) Simplified figure of figure (2-2). (2-4) and (2-5) Schematics of the atomic
arrangement in the final T-CeO2 structure, estimated from the O ions movement illus-
trated in figure (2-3). The solid red open circles are the final location of O ions, while the
orange dotted open circles are the initial position of O ions before phase transformation.
Figure (2-5) is superimposed on figure (c) (both in BF and HAADF images) to explain
that the STEM images experimentally taken match the CeO2 structure shown in figure
(2-5). (2-6) STEM-BF image roughly predicted from the atomic arrangement shown in
figure (2-5) for improved understanding of the STEM-BF image in figure (c).
34
Figure S13 Upper figure: a schematic figure indicating the location where the STEM
images are taken. A red open solid line denotes that the STEM sample is taken from
the undistorted CeO2 thin film (far away from the indents and therefore was not affected
by the indentation). STEM-BF and STEMHAADF images of the pristine CeO2 struc-
ture and insets of their magnified views. Schematic of atomic arrangement in figure (1-2)
(yellow-green and orange open circles) is superimposed to explain that the STEM images
taken experimentally match the CeO2 structure shown in figure (1-2).
Charge redistribution in CeO2 supercell with high aspect ratio
Figure S14s shows the charge difference (∆ρ), i.e., the change in atomic charge com-
pared to the average charge of each snapshot, defined as ∆ρ(i,) = ρ(i,) ρ(), where
the total charge of atom i was integrated in a constant radius (volume) from the core.
Static DFT calculations were conducted to investigate the atomic charge of individual
atoms (i) in the uniaxially compressed supercell (Figures S14a–d) with respect to strain
using the same parameters as DFT calculations performed for the bulk CeO2 supercell
explained in the Methods in the main text. Within the elastic regime (up to z = 8.6%,
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Figures S14a–c), there is no large change in atomic charge in the entire supercell, whereas
it suddenly exhibits a large difference right beyond the elastic limit in Figure S14d (z
= 9%). The charge difference in the plastically deformed CeO2 (T-CeO2 in Figure S14e)
is inhomogeneous, such that in the local area in which more severe plastic deformation
occurs (T-CeO2 phase), Ce ions tend to receive more electrons (displayed with more red
color). The increased charge in the T-CeO2 phase seems to arise from the less deformed
region (CeO2 region), considering that the CeO2 phase loses atomic charges (blue color)
(Figure S14d). This indicates that the deformation-induced structural change from CeO2
to T-CeO2 (similar to the formation of V
2+
O in CeO2 in the structural point of view) causes
the redistribution of electrons such that electrons migrate from CeO2 to T-CeO2. The
CeO2/T-CeO2 interface is 5 – 45 degree with respect to the uniaxial compression axis
(z-axis), which differs from the CeO2/T-CeO2 interface parallel to the compressive axis
observed in a supercell with a lower aspect ratio (c/a = 0.5) in Figures 4–5 in the main
text.
Figure S14 The distribution of charge difference in CeO2 (composed of 384 atoms, c/a
= 2) with respect to the applied uniaxial compressive strain, along the z-axis; (a) 4.5%,
(b) 6.5%, (c) 8.5% and (d) 9%. Here, one circle denotes the position of an atom. The
color map (right side of figure (d)) is identical for figures (a)–(d), and the unit is e/atom.
(e) Atomic configuration of the deformed CeO2, at z = 9%. Yellow-green and red circles
in figure (e) denote Ce and O atoms, respectively. The elastic limit in the CeO2 supercell
with c/a = 2 is z = 8.6%. The black dotted lines in figures (d) and (e) are the CeO2/T-
CeO2 phase interfaces.
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